Abstract. High-frequency thermocouple measurements were made during an experimental grass fire conducted during ideal weather with overcast and windy conditions. Analysis of the thermodynamic structure of the fire plume showed that a maximum plume temperature of 295.28C was measured directly above the combustion zone. Plume heating rates were on the order of 26-45 kW m À2 and occurred in the region just above the combustion zone between 10 and 15 m above ground level and were followed by cooling of approximately À37 and À44 kW m À2 . The observed cooling was caused by strong entrainment that occurred behind the fire front and plume. The rapid heating and subsequent cooling indicate that the heating caused by a fire front is limited to a small volume around the flaming front and that the rates of heat gain occur for a short duration. The short duration of plume heating is due to the fast rate of spread of the fire front and ambient wind.
Introduction
Wildland fires radically modify the near-surface atmospheric environment by emitting a significant amount of sensible heat flux directly above the flaming front. This heat flux is responsible for the production of buoyancy that drives the convection and the development of circulations that interact with the fire front and ultimately enhance the heating of the plume and surrounding atmosphere.
Although most research on fire-induced plumes has focussed on the building engineering aspect of determining smoke plume behaviour indoors with different building and room geometries, little effort has been made within the meteorological community to better understand wildland fire plumes and atmospheric interactions. Mercer and Weber (2001) discuss the application and importance of wildland fire plume modelling as extreme temperatures associated with wildland fires account for the scorching of vegetation and the mortality of that vegetation (Mercer and Weber 2001) . Mercer and Weber state that although there have been some measurements of temperature in and above wildland fires, no-one to date has been able to account for the full variation of temperature with height within a fire plume. Knowing the temperature profile above a fire is important to understand the impact of fire on vegetation, but there are other factors that warrant the attempt to measure air temperatures above a fire front. These include a better understanding of plume dynamics, related fire behaviour, and plume emissions.
Field studies on the thermodynamics of actual fire plumes in natural fuels are limited; however, there are a few studies that deserve mention here. One of the more detailed studies of fireplume thermodynamic structure was conducted by Noilhan et al. (1986) who focussed on the ambient boundary layer conditions during artificial plume experiments. The plumes were made using oil burners that emitted ,1000 MW of heat. Their results showed a strong dependence of plume structure on the ambient wind speed, and that plume boundaries were associated with large positive temperature and humidity perturbations in the along-wind direction.
More recently, Butler et al. (2004) studied the radiant emissive power of crown fires using in situ sensors during the International Crown Fire Modelling Experiment (ICFME). Observed maximum radiant energy fluxes during several of the experimental fires were between 100 and 200 kW m À2 . The experimental design included measurements at multiple levels within the stand and showed that the maximum radiant energy fluxes occurred at ,10 m above ground level (AGL) within the 13-m average stand height. Although these studies are more directly related to the energy of the flaming front and not the smoke plume, they do provide insight into how much heat is generated and can be used as a limit for less intense fires such as grass fires. During ICFME, Clark et al. (1999) used a novel approach to derive wind velocity and heat flux profiles during the crown fires by applying an image-flow analysis technique to a sequence of infrared images obtained during the experiments. They found that during the crown fires, heat fluxes were on the order of 0.6-3 MW m À2 . These were some of the first highresolution heat flux measurements obtained in crown fires. During the FROSTFIRE experiment, Coen et al. (2004) also applied the technique of Clark et al. (1999) and showed that maximum temperatures and heating occurred ,10 m above the canopy top and sensible heat flux averaged 0.3-1.2 MW m À2 , with maximum heat fluxes of 7-11 MW m À2 . Negative heat fluxes were also observed and were caused by downdrafts that occurred near the surface.
The thermodynamic structure of a fire plume is dependent on the amount of released moisture due to the combustion of the fuels (Potter 2005) . In order to understand the impact of smoke emissions on fog formation, Achtemeier (2006) studied temperature and moisture excess in smoke from smouldering prescribed fires. Direct measurements of temperature and humidity were made by inserting a temperature and humidity probe directly into smoke near the ground just after burning operations were completed. Achtemeier suggested that moisture excess in smouldering fuels was most likely larger than for flaming fuels.
This paper focusses on detailed temperature measurements made during FireFlux, an experimental grass fire conducted in south-east Texas on 23 February 2006. A detailed description of the experimental design is summarised in Clements et al. (2007 Clements et al. ( , 2008 . In the present paper, an analysis of the fire plume thermodynamic structure including temperature structure and plume heating rates is presented. A brief summary of the measurements and instrumentation used is presented in the next section, the plume temperature structure is presented in the following section, followed by a discussion of plume heating rates, and the conclusions and summary in the final section.
Measurements and instrumentation
Measurements made during the FireFlux field experiment were used to determine the near-surface thermodynamic structure of the fire-induced plume during the fire-front passage. Fire plume temperatures were measured using an array of thermocouples mounted vertically on a 43-m tower that was located in the middle of a fuel bed and in the direct path of a fast-moving, wind-driven fire front (Fig. 1) .
There are inherent errors associated with the use of thermocouples in the fire environment (Pitts et al. 1998) . First, the gain of energy to the thermocouple bead is accomplished by conduction, convection and radiation (Butler et al. 2004) . As the goal was to measure plume temperatures, radiative effects had to be minimised. Additionally, to measure the rapid variations of temperature associated with the turbulent motions in the plume, a fast response time was needed. Typically, the smaller the bead, the faster the response time of the thermocouple. To overcome these issues, very fine-wire or small-diameter type-T thermocouples (5SC-TT-T-40, Omega, Inc., Stamford, CT, USA) were used in this study. The diameter of the thermocouples was 0.076 mm (40 AWG, American Wire Gauge) at bead, was small enough to limit the effects of solar loading and allowed for a fast sampling rate. The thermocouples were mounted in two arrays on the tower at the following heights: 0.1, 0.5, 0.75, 2, 4.5, 10, 15, 20, 25, 28, 30, 35 , 43 m AGL (Fig. 2) . The main array included the 2-43-m AGL thermocouples and was mounted along the south-west vertical tower leg. The second array was placed 2 m east of the main tower base and arranged along a vertical support pipe for the lowest instrument cross-arm at 0.1, 0.5 and 0.75 m AGL. Each thermocouple was placed 10 cm away from the leg to limit radiative effects of the tower itself and was naturally aspirated by the ambient wind. During the experiment, the winds were from the north-north-east, which caused the thermocouples mounted on the tower to be within the wake of the tower; however, any errors due to this are assumed to be relatively minor. Thermocouple calibrations were completed using an ice-bath to calculate a null gradient between each thermocouple using the thermocouple extension wires that were installed on the tower. Each thermocouple was sampled at 1 Hz using a CR5000 data logger and AM25T thermocouple multiplexer (Campbell Scientific Inc., Logan, UT, USA). Data were stored in the datalogger on compact flash cards for retrieval after the experiment.
Plume temperature structure
Plume temperature varies both temporally and spatially. The evolution of temperature structure within fire plumes is associated with a sharp jump or ramp feature as the hot gases of the plume pass the tower and thermocouple array. The downwind edge of the plume is typically the first jump in the temperature time series and is followed with more ramp features as different regions of the plume are measured. Additionally, owing to entrainment and turbulent processes within the plume, the temperatures are never constant, but rather are associated with a large degree of variance (Clements et al. 2008) . Ramp signatures in temperature time series have been observed in several fire plumes (Mercer and Weber 2001) and in convective thermals and dust devils (Kaimal and Businger 1970) . The upwind, back edge of the plume indicates the plume passage, and is recognised as the region where air temperatures decrease to ambient prefire values. Fig. 3 shows a time series of temperatures measured by thermocouples at four levels on the tower during the fire-front passage. The sharp increase in temperature, representing the leading edge of the plume, occurs first at higher levels (35 m AGL), indicating a tilted plume structure, as shown in the photo in Fig. 1 . A maximum plume temperature of 295.28C was measured at a height of 4.5 m AGL, and a temperature of 289.28C was also measured at 10 m AGL. The region of maximum plume temperature was located near the estimated flame height (,7 m), indicating gas temperatures of detached combustion-flaming parcels and hot smoke-plume air as the gases and smoke rose vertically from the combustion zone and flaming front. The actual measured gas temperature of the combustion zone was 751.58C as measured by type K thermocouples and infrared camera (Clements et al. 2007 ). These lower measured temperatures near the combustion zone are a result of entrainment of ambient air into the back edge of the plume and fire front. Finally, at the 2-m level (Fig. 3) , the temperature decreased more slowly as a result of smouldering that occurred near the tower base.
Three main regions in the plume can be identified representing three layers: 2 m (near-surface), 10 m (mid-plume), and 35 m (upper-plume). To illustrate the three regions more clearly, the temperature difference, DT, from ambient at each level is plotted in Fig. 4 . It is clear that the temperatures in the upper level of the plume increase less than the mid and lower levels. This is due to the entrainment of ambient air into the plume, which occurs farther away from the combustion zone and fire front. The greatest temperature difference occurs at the midlevel in the plume, 10 m. Also at this level, there is a greater variability in DT, where the difference decreases to near zero at ,12:46:30 hours CST (Central Standard Time). This structure is a signature of entrainment of ambient air into the plume. There is Grass fire thermodynamic structure Int. J. Wildland Firea similar structure near the surface where DT at 2 m spikes in value, but at a lesser magnitude, immediately following the decrease of DT observed at 10 m. This observation suggests that the entrainment of ambient air to the surface is weaker than in the mid-plume. The temporal evolution between the surface and the mid and upper levels of the plume are quite different. There is a time lag between the DT at each level. At 35 m, DT is 508C and occurs the earliest. This timing difference is caused by the upper level of the plume impinging on the tower first owing to the tilted structure of the plume. Another striking feature is the sharp decrease in DT at 35 and 10 m. This quick drop indicates the upwind edge of the plume air has passed the tower. At the surface, however, there is a relative lag in cooling. The temperature difference at 2 m decreases much more slowly than at the mid and upper levels of the plume. This is caused by continued smouldering that occurred after the fire front passed the tower and heating associated with a small backing fire that continued to burn near the tower base in the area of reduced fuels.
Temperatures within fire plumes are associated with fairly large changes in density as a result of both increased temperatures and changes in water vapour content. To account for changes in water vapour, the virtual temperature, T v , is used rather than temperature, T, and is calculated by
where r is the water vapour mixing ratio in grams per kilogram (the ratio of the mass of water vapour to the mass of dry air). Water vapour mixing ratios were measured on the tower at three levels (Clements et al. 2007 ). The background, ambient water vapour mixing ratio was ,7.9 g kg À1 at the time of ignition. Within the plume, water vapour mixing ratios increased by as much as 3-3.5 g kg
À1
. To account for water vapour, an average mixing ratio of 8 g kg À1 was used in Eqn 1 for ambient air and a mixing ratio of 10.9 g kg À1 was used for plume temperatures.
The vertical structure of the plume was determined using virtual potential temperature because it eliminates the effect of altitude on temperature. Virtual potential temperature, y v , is the temperature a parcel of air would have if it was raised or lowered adiabatically to a reference pressure, usually taken to be 1000 hPa, and is defined as:
where P o is the reference pressure, P is the measured pressure, R is the gas constant for dry air, and C p is the specific heat of dry air at constant pressure. During the FireFlux experiment, pressure was measured only at the base of the main tower, and thus pressure data are not available at each height of the tower. Therefore, virtual potential temperature was approximated following Stull (1988) by:
where g is acceleration due to gravity, and z is height in metres above ground. This approximation, although not ideal, is assumed to be adequate for the analysis presented here. Vertical profiles of virtual potential temperature were calculated from Eqn 3 using 20-s averaged temperatures and are shown in Fig. 5 for periods before, during, and after the fire front and plume passage occurred. The initial profile at 12:43:19 hours CST is constant with height, indicating a neutral surface layer. The atmosphere was neutral during the ignition owing to overcast and windy conditions. An overview of the synoptic conditions during the experiment is presented in Clements et al. (2007) . At 12:45:39 hours CST, the virtual potential temperature increased at heights above 20 m AGL, indicating warming due to the plume. At 12:46:19 hours CST, the profile warmed by ,10 K in the lower levels and 25 K at mid levels. This upper-level warming caused by the advection of the smoke plume created a weakly stable lapse rate within the plume. A much stronger lapse rate should be expected given the warm plume temperatures, but this did not occur until the full onset of the plume impinged on the tower 20 s later at 12:46:39 hours CST. As evident in the profile, significant heating occurred throughout the profile, with the greatest change in y v occurring between 10 and 15 m AGL. In response to the significant warming of this layer, the stability at the surface became superadiabatic. Within the plume, the superadiabatic layer grew in height up to 15 m AGL owing to excessive heating near the surface associated with the fire-front passage (12:46:59 hours CST). Cooling then occurred after the plume passage as the superadiabatic layer decreased in strength and altitude. Finally, at 12:47:59 hours CST, the profile became constant with height and nearly the same as before the fire-front passage.
Assuming stationarity in time and space, while not ideal, allows a better way to visualise the structure of the fire plume by the use of a time-height contour plot of temperature (Fig. 6) . In the figure, regions of increased temperature are indicated in red and yellow shading. Initially, the upper levels show increased temperature as the tilted plume impinges on the tower ahead of the main plume (12:45:45 hours CST). This feature has been discussed extensively in the previous paragraphs. The most striking feature of the plume temperature structure is the apparent entrainment of ambient air into the plume. These regions are indicated by the unshaded areas at 12:46:25 and 12:46:35 hours CST in Fig. 6 . The entrainment occurs both from the top of the plume and from below the plume, near the surface and downwind of the fire front. The under-plume entrainment is hypothesised to be as a result of a horizontal vortex that forms ahead of the fire front in addition to weak indrafts into the fire front. This circulation was observed in video and photographs and in the observed nearsurface flow structure (Clements et al. 2007 ). An interesting aspect about this entrainment structure is the fact that downdrafts appear to occur just in front of the main fire front (i.e. 12:46:35 hours CST) and are most likely the vortex circulation. Another interesting characteristic of the entrainment and vortex is the depth of the circulation. The circulation becomes coupled with the combustion-zone winds that are associated with strong shear at the surface leading to an increased circulation and eddy size.
The region of maximum temperature in Fig. 6 indicates the approximate location of the fire front immediately below the plume (12:46:40 hours CST). This time was also determined by time-lapse photography taken during the experiment. The most extreme temperatures were limited in height to 10 m and less, while more significant temperature increases (,1008C) occurred farther downwind of the fire front at heights of ,20-25 m AGL. Therefore, the maximum height of severe temperatures associated with the fire is limited to the lowest layers (o20 m AGL) and was also observed in the virtual potential temperature profiles (Fig. 5) .
Another interesting feature of the plume structure shown in Fig. 6 is the very sharp decrease in temperature just behind the fire front. As the fire front propagates downwind, downward motion behind the fire front results in entrainment of ambient air into the rear of the fire (Clements et al. 2007) . This feature is shown in Fig. 6 as a reduction in temperature behind the fire front. There is, however, a shallow temperature maximum that occurs near the surface, which is associated with the burning of the surface fuels near the tower base after the main head fire had passed. The total time for the maximum temperature to affect the immediate environment is ,30 s. This time scale is determined from ,12:46:45 to 12:47:16 hours CST in Fig. 6 . 
Plume heating rates
The rate of atmospheric heating within the plume can be determined from the First Law of Thermodynamics. The rate of gain of heat, Q, between two levels, z 1 and z 2 , can be applied to the fire plume and can be estimated from:
where density of plume air, r, is dependent on fluctuations of both temperature and water vapour, which both increase in the plume and vary with height. Estimates of Q are made assuming a constant profile of water vapour mixing ratio of 8 g kg À1 . The layers were calculated using 10-s averaged virtual temperatures and a layer thickness z, which is the distance between each thermocouple starting at the 2-m level and increasing to 43 m. The width of the parcel of air for which the heat gains are measured was assumed to be 1 m. This geometry is not ideal because the actual width of the plume was much greater ,30 m wide, but for these calculations, it is assumed to be adequate for representing a column within the plume. Fig. 7 shows a time series of rates of heat gain for multiple levels on the tower calculated from Eqn 4. The heat gain is calculated for the layer between two heights such that heat rates at 10 m are actually for the layer between 4.5 and 10 m AGL or, specifically, 7. before the fire-front passage at 12:46:40 hours CST (Fig. 7) and at mid-level within the plume (10 and 15 m AGL). As the plume passed the tower, there was an equivalent amount of negative heat gain or cooling immediately after the sharp rate of heat gain occurred. This cooling amounted to approximately À37 kW m À2 at 10 m and À44 kW m À2 at the 15-m level and was associated with the plume passage, and occurred immediately behind the flame front, which was associated with strong downdrafts of cooler air from aloft. Whereas the largest rate of gain of heating occurs closer to the surface near the flaming front (,5-15 m) , the cooling at 5 m continued the longest after the fire-front passage and can most likely be attributed to the surface winds continuously advecting cooler air behind the fire front. At the upper levels in the plume (upper panel in Fig. 7 ) 425 m AGL, heating rates are weaker, with the greatest heating accounting for ,15 kW m À2 . These smaller heating rates are due to increased entrainment of ambient air into the plume. The limited vertical extent of heating in the fire plume is caused by the strong wind shear in the ambient environment and the fact that this shear caused the plume to tilt downwind. To better illustrate the vertical extent of the plume heating, vertical profiles of the rate of heat gain are shown in Fig. 8 for periods before the fire plume passage, during the passage, and after the passage. Initially, at 12:44:00 hours CST, the rates of heat gain in the ambient atmosphere are constant with height indicating no change in temperature and no signature of the plume. Weak heating begins to occur at 25 and 30 m AGL at 12:46:00 hours CST and the strongest rates of heating within the plume occur below the 15-m level, with the maximum occurring at the 10-m level (12:46:30 hours CST). Ten seconds later, at 12:46:40 hours CST, the intense cooling occurs also within the lower layers of the plume. Finally, as the plume has completely passed the tower, both cooling and heating cease and the atmosphere returns to a prefire ambient state with some weak surface cooling continuing. These results suggest that the heating caused by a fire front is limited to a small area around the flaming front and that heating of the air occurs for a limited time. This temporal characteristic of the plume heating is due to the fast rate of spread of the fire front. If the front moved at a slower rate, the time of atmospheric heating would be longer and would change the resulting atmospheric interactions with the fire front.
Summary and conclusions
This paper examines high-frequency thermocouple measurements made during the passage of an experimental grass fire conducted during ideal weather with overcast and windy conditions. Analysis of the thermodynamic structure of the fire plume showed that a maximum plume temperature of 295.28C was measured at 4.5 m AGL and indicates that a mixture of hot gases and entrained air are advected by the mean wind from the top of the combustion zone. The high vertical resolution of the measurements captured regions of entrainment that occurred at the top of the plume and on the underside (downwind of the fire front). The under-plume entrainment is hypothesised to be as a result of a horizontal vortex that forms ahead of the fire front in addition to indrafts that form in response to the approaching fire front.
Plume heating rates varied from 26 to 45 kW m À2 and occurred in the region just above the combustion zone at 10 and 15 m AGL. After the plume passed, subsequent cooling or negative heat gain of approximately À37 and À44 kW m À2 occurred and was associated with entrainment of cooler, ambient air that is drawn into the back side of the fire front and plume. The rapid heating and subsequent cooling indicates that the heating caused by a fire front is limited to a small volume around the flaming front and occurs for a short duration. The short duration of plume heating was a function of the ambient wind speed and fire spread rate. A decrease in rates of spread would increase the duration of atmospheric heating and change the atmospheric interactions with the fire front.
These measurements represent some of the most detailed observations of plume temperature structure from a grass fire; however, caution must be used in the application of these results because these data are taken from a single fire. Additionally, the height of the tower used during the FireFlux experiment was limited to 43 m AGL. If in fact the tower height was on the order of 100 m and placed further from the ignition line, then the full vertical extent of the plume could be better examined.
Although fire plumes can be analysed using high spatial and temporal resolution temperature measurements, a more comprehensive analysis has to consider all contributions to the full energy budget of the air volume within the plume. These contributions include advection, sensible and latent heat transport, phase changes, and radiation. The most important issue regarding the heat budget of a fire plume is the partitioning of the total heat emitted by the fire into both sensible and latent heat. These two sources are difficult to determine owing to the lack of precise measurements within fire plumes (e.g. Clements et al. 2006) . Additionally, radiative effects should be considered Grass fire thermodynamic structure Int. J. Wildland Firebecause the fire front emits a portion of its energy in the form of radiation. Butler et al. (2004) measured the amount of radiative heating in crown fires using in situ narrow-angle radiometers mounted on towers, but did not measure any other components of the heat budget. To date, there have been no complete heat budget analyses conducted for either experimental or wildland fire plumes. Ideally, for future work, analyses should be made using coupled fire-atmosphere numerical models in order to obtain estimates of each component in the full energy budget equation. Additionally, a more intensive observational campaign should be conducted using many platforms and consist of sampling fires of different size and in different fuel types. More importantly, the fire research community must acknowledge that there is a need for a major, international field campaign to be conducted at multiple scales using as many resources as possible. Without sufficient field data, a complete understanding of the dynamics of wildfires may never be achieved.
